This work studies ethnic and geographical differences in the age-related straylight increase by means of a stochastic model and unpublished lens opacity data of 559 residents of Villa Maria (Argentina), as well as data of 912 Indonesian subjects published previously by Husain et al. For both cohorts the prevalence of each type and grade of lens opacity was determined as a function of age, from which a stochastic model was derived capable of simulating the lens opacity prevalence for both populations. These simulated lens opacity data were then converted to estimated straylight by means of an equation derived from previously recorded data of 107 eyes with varying degrees of cataract. Based on these opacity templates 2500 random sets of subject age and lens opacity data were generated by the stochastic model for each dataset, from which estimated straylight could be calculated. For the Argentinian data the estimated straylight was found to closely resemble the published models for age-related straylight increase. For younger eyes the straylight variation of the model was the same as what was previously published (in both cases ±0.200 log units), which doubled in size for older eyes. For the Indonesian data, however, this age-related straylight increase was found to be fundamentally different from the published age model. This suggests that current normative curves for age-related straylight increase may not always be appropriate for non-European populations, and that the inter-individual straylight variations in young, healthy eyes may possibly be due to variations in lens opacities.
Introduction
Retinal straylight s is known to gradually increase with age (Aulhorn & Harms, 1970; Blackwell & Blackwell, 1980; IJspeert, De Waard, Van den Berg, & De Jong, 1990; Van Den Berg, Van Rijn, Michael, et al., 2007; Vos et al., 2002) , most likely due to an age-related increase (Hirvelä, Luukinen, & Laatikainen, 1995; Klein, Klein, & Linton, 1992; Leske, Chylack, Wu, et al., 1996; Leske et al., 2000; Mitchell, Cumming, Attebo, & Panchapakesan, 1997; Nirmalan, Krishnadas, Ramakrishnan, et al., 2003) in the number of microscopic scattering particles in the crystalline lens (van den Berg, 1996; van den Berg, Hagenouw, & Coppens, 2005; van den Berg & Spekreijse, 1999) . For Western European populations this age-related rise in straylight may be described by log(s) = 0.931 + log(1 + (Age/65) 4 ) Van Den Berg et al., 2007; . This function was consequently proposed as a reference curve for normal eyes. But as this description only represents an average of the studied population, there may still be considerable straylight differences between non-cataractous individuals of the same age, even after correction for influences by ocular refraction or iris pigmentation (van den Berg, 1995) . For subjects below the age of 35 these inter-individual straylight variations are typically of the order of ±0.2 log units Van Den Berg et al., 2007) , but the origins of these variations remain as yet unexplored. This represents a factor of 2.5x difference between individuals with the highest and lowest ''normal" straylight values, which is similar in magnitude as the straylight difference between a healthy 20 year old eye and a healthy 73 year old eye. Moreover, retinal straylight has been shown to be almost as important to a patient's visual comfort as visual acuity (van der Meulen, Gjertsen, Kruijt, et al., 2012) , making that deeper understanding of these variations is of great interest. Another issue of concern is that there are currently no indications that either the aforementioned straylight reference or the range of inter-individual variations also apply to subjects from other regions of the world. Given the large variations in lens opacity prevalence reported around the world (Athanasiov, Casson, Sullivan, et al., 2008; Congdon et al., 2001; Husain, Tong, Fong, et al., 2005; Klein et al., 1992; Leske et al., 2000; McCarty, Mukesh, Fu, & Taylor, 1999; Mitchell et al., 1997; Sanchez, Iribarren, Latino, et al., 2011; Seah, Wong, Foster, Ng, & Johnson, 2002; Vashist, Talwar, Gogoi, et al., 2011; Xu, Cui, Zhang, et al., 2006) , it would be reasonable to assume that straylight, which represents a precise and functional measure for cataract, will also vary between regions. However, since no straylight data have been published yet for healthy non-Caucasian populations, these reference values may have to be estimated through alternative means until measured straylight data becomes available.
It is therefore the aim of this paper to study the ethnic differences in the age-related straylight increase between a Caucasian and a non-Caucasian cohort using stochastic modelling of lens opacities. These opacities are quantified by grading eyes at a slit lamp according to a cataract scale, such as LOCS (Chylack, Wolfe, Singer, et al., 1993; Chylack et al., 1989) or the Wisconsin scale (Klein, Klein, Linton, Magli, & Neider, 1990) , that classify opacities into nuclear (i.e. located in the lens nucleus), cortical (at the lens periphery) or posterior subcapsular (at the posterior lens surface) types.
Ideally a study involving lens opacities and straylight should be conducted by determining both quantities for a large group of normal subjects. Such data is currently only available for the EU driver study (Van den Berg, Van Rijn, & De Wit, 2005) , but these data were found unsuitable for the current work as the subjects in that study were not dilated for the examination of their lens opacities. This could cause an underestimation of the true amount of opacities present, especially for cortical opacities and low amounts of nuclear opacities. For this reason we opted to use a stochastic approach. This model considers the lens opacity prevalence of a previously measured population as a template to generate a large amount of random, but realistic lens opacity data with average and standard deviation values similar to that of the original population. These random data can then be converted to estimated straylight by means of a regression formula derived from two smaller studies for which both straylight and opacities are available for a wide range of LOCS values (Bal, Coeckelbergh, Van Looveren, Rozema, & Tassignon, 2010; .
Note that forward light scatter (i.e. retinal straylight) and backward light scatter (i.e. lens opacities seen with a slit lamp) each originate from different particles types (van den Berg, 1997; van den Berg & Spekreijse, 1999) located in the same general areas of the lens, but not necessarily in the same amount. Hence, as the amounts of each particle type vary differently throughout the lens, the correlation between both forward and backward light scatter may be relatively low. For this reason this regression formula to convert LOCS data to estimate straylight should only be used for trends in populations, rather than for predictions in individual eyes. These estimated straylight values can then be used to derive the normal age-related straylight increase in populations for which reference data are currently not available, which may serve as a first order approximation until normal data become available.
Methods
The study setup requires lens opacity data for a large group of subjects with healthy eyes, apart from cataract. For each degree of each lens opacity type a prevalence plot is made as a function of age, which is then fitted with a quadratic curve to smoothen the data. These curves will then serve as template for the stochastic model that generates random data according to the distribution of the original lens opacities. For the conversion of the random lens opacity data to estimated straylight a second dataset is required, containing both lens opacity and straylight data, to define a multiple linear regression model. After conversion the resulting estimated straylight is used for the study of straylight variations. These steps are summarized in Fig. 1 and will be detailed further in the following paragraphs.
Lens opacity prevalence data
Prevalence data for lens opacifications as a function of age was obtained for two populations: one group of 559 eyes of 559 subjects over the age of 40 from the city of Villa Maria, (Córdoba, Argentina) (Sanchez et al., 2011) , and another group of 912 eyes of 912 subjects over the age of 20 from three villages in central Sumatra (Indonesia). These groups are chosen as examples of an urban Caucasian population and a rural non-Caucasian population, respectively. The inclusion of a third, Tanzanian population (Congdon et al., 2001 ) was considered, but found unsuitable due to the relative insensitivity of the grading system used (WHO system).
The lens opacity data from Villa Maria was recorded prior to this study, but is as yet unpublished. Exclusion criteria were the presence of any ocular pathology other than cataract, previous cataract surgery or incomplete data. Informed consent was obtained from all participating subjects prior to testing. This study received Institutional Review Board approval from the Oulton-Romagosa Joint Committee on Clinical Investigation (C.I.E.I.S. Oulton-Romagosa) in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Both eyes of each subject was dilated with two drops of 1% tropicamide administered with an interval of 5 min. Next the lens opacities were graded at a slit lamp in whole number values by two trained observers according to the LOCS II scale (Chylack et al., 1989) . The grades included nuclear opacities N (graded from 0 to 3), cortical opacities C (graded from 0 to 4) and posterior subcapsular opacities P (graded from 0 to 3). In case of a difference in grading between both observers, which occurred in 3.1% of eyes, a third observer would decide the final grading based on the grading by the first two.
The Indonesian opacity data was published previously by Husain et al. (2005) in the form of tables detailing the prevalence of each grade for each opacity type. Subjects were dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride prior to slit lamp examination. Lens opacities were graded in whole number values according to the modified LOCS III scale for nuclear opalescence NO, nuclear color NC, cortical opacities C and posterior subcapsular opacities P (all graded from 0 to 4). As in practice NO and NC were found to be strongly correlated to each other, the average of both was used.
For each dataset the prevalence of the lens opacities was estimated as a function of age and interpolated using quadratic regressions in order to estimate the prevalence in the age range from 20 to 80 years (Villa Maria) and from 20 to 70 years (Indonesia). At the low end linear extrapolation was used until the regression reached 100% prevalence for grade zero. The range for this extrapolation never exceeded 5 years and was unlikely to have a substantial influence on the results of the model.
Stochastic model of lens opacities
The modelling process consisted of generating four sets of 2500 random numbers, three of which uniformly distributed between 0 and 1 and the fourth uniformly distributed between 20 and 70. These sets correspond with the three types of lens opacities (N, C and P) and subject age, respectively, and take the correlation between the opacity types into account. To each of these random numbers a degree of lens opacity was assigned using the prevalence regression lines using the following procedure. If e.g. the prevalence of cortical cataract for a 45 year old subject is 88% for grade 0, 11% for grade 1, 1% for grade 2, and 0% for grade 3, then all random numbers below 0.88 are assigned to grade 0, the numbers between 0.88 and 0.88 + 0.11 = 0.99 are assigned to grade 1, the numbers between 0.99 and 0.99 + 0.01 = 1.00 are assigned to grade 2, and none are assigned to grade 3. However in reality patients have continuous rather than discrete amounts of cataract. For this reason linear interpolation was applied in order to estimate decimal opacity grades based on the relative differences between the random number and the regression lines. Finally a term of 0.5 was subtracted from these modelled LOCS scores to account for an average bias of +0.5 introduced by the stochastic model as the average opacity grade for all eyes between grades n and n + 1 is n + 0.5.
Conversion of lens opacities to straylight data
The equation to convert lens opacities to estimated straylight was derived from previously published Belgian data sets (Bal et al., 2010; , consisting of 50 eyes of 50 cataract patients (21 male, 29 female, aged 44-81) and 57 eyes of 57 young subjects with clear lenses (24 male, 33 female, aged 20-30, spherical refraction within ±2D). For these 107 subjects, aged 44.9 ± 21.8 years (range: [20, 81] years), straylight data as well as dilated slit lamp images of the lens were available. The retinal straylight was measured with the compensation comparison technique (Franssen, Coppens, & van den Berg, 2006) (C-Quant, Oculus Optikgeräte, Wetzlar, Germany) under spherical equivalent correction of the patient's refraction, which has been shown to have a good repeatability, independent of patient age (Cervino, Montes-Mico, & Hosking, 2008) . Care was taken that for each measurement the Esd parameter (estimated standard deviation) was below 0.08 log units and the quality parameter Q above 0.5 to assure reliable measurements (Michael, Barraquer, Rodríguez, et al., 2010) . For this cohort slit lamp images were taken after dilation with one drop tropicamide 0.5% and one drop phenylephrine hydrochloride 10%. Based on these pictures the cataracts were graded according to the LOCS II and III scales for use with the Villa Maria and Indonesian data sets, respectively.
The lens opacity types have been shown to each have a different amount of influence on straylight (Bal et al., 2010; De Waard, IJspeert, Van Den Berg, & De Jong, 1992; Peng, Zhao, Ma, Qu, & Zhang, 2011) , which should be reflected in the conversion formula. This was done for both grading systems by fitting the straylight parameter to the three opacity grades using multiple linear regression and the stepwise backwards selection procedure. This procedure consists of first fitting the data to all linear, quadratic and cross-terms of the opacity grades, followed by iteratively removing the least significant terms and refitting until the significance of all remaining terms is below p < 0.05. This procedure assures the best possible multiple linear fit, while rejecting all non-significant terms.
However the correlation between the forward and backward scatter is not very clear in practice as forward scatter (straylight) and backward scatter (slit lamp) originate from different types of scattering particles (van den Berg, 1997; van den Berg & Spekreijse, 1999) that are not necessarily present in equal amounts. Hence the resulting regressions may not always give very accurate straylight values in individual eyes, but will provide a plausible approximation of the statistical trends in large populations. Moreover opacity grading may be influenced by factors such as illumination, image quality, the grading system used, etc. The combination of these influences makes that the relationship between straylight and opacity grades can be rather noisy.
As a refinement to the model, one can also include other, nonlenticular factors reported in recent studies to influence retinal straylight (Rozema, Coeckelbergh, Caals, Bila, & Tassignon, 2013; van Bree, van den Berg, & Zijlmans, 2013) . These influences are included by adding a non-lenticular straylight term s NL , given by:
The parameter values for this regression were derived from the literature (Rozema et al., 2013; van Bree et al., 2013) .
Statistics
All data was processed using MS Excel 2010 (Microsoft Corp., Seattle, USA), Matlab R2011b (The MathWorks, MA, USA) and SPSS 20 (SPSS Inc, Chicago, USA).
Results

Modelling the prevalence of lens opacities
The prevalence of the various lens opacities were plotted as a function of age for the Villa Maria and the Indonesian datasets (Fig. 2) . These data were fitted with linear and quadratic regressions that served as the basis for the stochastic lens opacities model. The choice between a linear and quadratic regression for each opacity grade was based on the coefficients of determination (r 2 ) and p values. These are given as supplementary data, along with the regression coefficients.
Converting lens opacities to estimated straylight
The equation required to convert simulated lens opacity data to estimated straylight log(s est ) was derived by applying multiple linear regression and stepwise backwards selection to the Belgian data set that included both LOCS and straylight measures. For LOCS II this regression was:
which had a 95% confidence interval on the difference with measured straylight of ±0.361 log units (Fig. 3) , and the difference between estimated and measured straylight was only weakly correlated with their average (R 2 = 0.0604). Applied to LOCS III the regression was:
with N = (NC + NO)/2, the average of the LOCS III nuclear color (NC) and nuclear opalescence (NO) grades. This regression had a 95% confidence interval on the difference with measured straylight of ±0.359 log units, and again the difference between estimated and measured straylight was weakly correlated with their average (R 2 = 0.0592).
Estimated straylight as function of age
By applying Eq. (2) to the lens opacity data generated by the stochastic model based on the Villa Maria data, a plot can be made of estimated straylight as a function of age (Fig. 4A ). Fitting these simulated data with a logarithmic function of the same form as the van . For the simulated eyes under 30 years of age the variation of the data was the same as that of the age model (i.e. 95% confidence interval of ±0.200 log units), which increases to ±0.461 log units for eyes over 60 years of age. For the entire age range the 95% confidence interval was ±0.321 log units, or 50% larger than the age model. When Eq. (3) is applied to the data generated by the stochastic model of the Indonesian data, and fitting this estimated straylight with the same logarithmic function as before, a curve of log(s) = 1.078 + log(1 + (Age/45.1) 4.505 ) is found, with r 2 = 0.627 (Fig. 4B) . This function has a base term s 0 that is 0.147 higher than the van den Berg age reference, and a straylight doubling age A that is 20 years younger. The 95% confidence interval of these data was ±0.295 log units for simulated eyes below the age of 30, ±0.489 log units above the age of 60, and ±0.436 log units for the entire age range. As this figures are considerably different from the West European/Caucasian model, one may conclude that the subjects from this particular region could benefit from an adjusted model.
Sensitivity analysis
As this result depends on several assumptions and intermediate steps, a sensitivity analysis was performed to estimate the influence of changes in these assumptions. Since Eq. (2) only contains linear terms, we investigated the effect of adding second order terms through stepwise backwards selection (see Table 1 ). This Using 4 instead of 6 age groups in the determination of the agerelated prevalence of lens opacities induces only minor changes to the regressions of the lens opacities (Fig. 2) , or in the calculated straylight results. But as a quadratic fit requires at least 4 data points to determine its 4 coefficients, we thought it best to use more data points. Splitting up the data into 8 or more age groups produced increasing amounts of noise in the data as the number in each groups decreases. Six age groups was therefore found to be the best compromise between amount of noise and number of data points.
The sensitivity analysis was repeated for the Indonesian LOCS III data, which produced similar results as was found for Villa Maria. Since Husain et al. reported their data for 5 fixed age groups, we were unable to analyze the influence of the number of age groups.
Discussion
As cataract is one of the leading causes for blindness worldwide (Brian & Taylor, 2001) , the prevalence of cataract and its effects on visual acuity have been thoroughly studied in the literature (Athanasiov et al., 2008; Congdon et al., 2001; Husain et al., 2005; Klein et al., 1992; Leske et al., 2000; McCarty et al., 1999; Mitchell et al., 1997; Sanchez et al., 2011; Seah et al., 2002; Vashist et al., 2011; Xu et al., 2006) . It was found to vary considerably between individuals and regions around the world, with Caucasians generally having lower, and non-Caucasians or lessdeveloped regions having higher cataract rates (Fig. 5) . This difference is even more obvious in the great difference in nuclear lens opacity prevalence between the Villa Maria and the Husain et al. data (Fig. 2) . One may therefore expect that straylight measurements, an objective measure of the hindrance caused by lens opacities, would also vary between individuals and regions. Therefore the current normative curve for age-related straylight increase, determined empirically in 2400 West European car drivers (Van Den Berg et al., 2007) and verified using a Belgian population of 518 eyes , may not be appropriate for all countries. But as normative straylight data are not currently available for any population other than Western Europeans, a first order straylight estimate for patients from other regions could be useful, until such time that measured data is published. The stochastic model described in this paper, which is based on lens opacity data and the positive correlation between lens opacities and retinal straylight (Michael, Van Rijn, Van Den Berg, et al., 2009; van den Berg, 1997; van den Berg & Spekreijse, 1999) , may be a step towards such a first order estimate.
Coincidently, the straylight variations proposed by the model for younger subjects seem to correspond very well with the values of ±0.20 log units of van den Berg et al.'s age model (Van Den Berg et al., 2007) , which seems to suggest that the inter-individual straylight variations may be mostly due to variations in lens opacities. For subjects older than 40 this variation becomes considerably larger than ±0.20 log units, probably due to the fact that van den Berg's model was based on normal, non-cataractous eyes for all ages. The stochastic model of this paper, which includes cataractous eyes, is therefore more likely to realistically describe the population as a whole than van den Berg's model. This is also seen in Fig. 1 of his paper (Van Den Berg et al., 2007) , where straylight data from cataractous eyes is plotted alongside that of normal eyes and where the combination of both groups would have led to a graph much closer to the solid lines in Fig. 4 .
Although lens opacities have a large influence on the agerelated straylight increase, there are smaller, as yet unidentified factors in pseudophakic eyes (Rozema et al., 2013; van Bree et al., 2013) that, despite the removal of the crystalline lens, cause straylight to gradually increase. These factors stand apart from other known influences, such as iris pigmentation (van den Berg, 1995) and refraction , that increase straylight in individual cases, but only have a limited effect on the straylight variation in the general population. Although the influence of pigmentation on straylight is well understood (van den Berg, 1995) , this is not the case for refraction, as a mechanism has yet to be identified that could explain its influence . Based on the results above one possible mechanism could be the documented correlation between myopia and cataract (Brown & Hill, 1987; Duke-Elder, 1970; Pan, Boey, Cheng, et al., 2013; Weale, 1980) , which in turn might increase straylight. This increase in lens opacities was recently confirmed by Lim, Mitchell, and Cumming (1999) who found that myopia before the age of 20 years may be a strong and independent risk factor for posterior subcapsular cataract, and Wong, Klein, Klein, Tomany, and Lee (2001) who found an association between myopia and nuclear cataract. Finally Praveen, Vasavada, Jani, Trivedi, and Choudhary (2008) reported an increase in nuclear cataract in myopes with an axial length longer than 26 mm. Although this might be a reasonable explanation why straylight increases with myopia, we could not verify this theory with the Villa Maria data due to an exceptionally low prevalence of myopia (Sanchez et al., 2011) , nor with Husain et al.'s Indonesian data as the refractive information was not available. This point therefore remains to be confirmed.
The stochastic models presented in this paper also have a number of limitations, which lie mainly in the assumptions and choices made. The first assumption is that the Hispanic subjects from Villa Maria can be considered as an example of a Caucasian population for the purpose of the present study. Although the descent is mainly Hispanic, there is some mixture with indigenous people, which may have introduced some differences from a purely Caucasian population. However, the prevalence of cataract in this population (defined by any LOCS II score P2) was very similar to that in three large Caucasian population studies (Beaver Dam Eye Study (Klein, Klein, & Lee, 1998; Klein et al., 1992) , Blue Mountains Eye Study (Mitchell et al., 1997) and Melbourne Visual Impairment Project (McCarty et al., 1999 ); see Fig. 1 ). Moreover it was reported that the age-related straylight increase for Argentinian subjects occurs in the same way as for West European Caucasians (Longhi, Issolio, Colombo, Fix Ventura, & Fernandes da Costa, 2011) . We therefore concluded that, for the purpose of this model, the Villa Maria subjects could be considered Caucasian.
Another assumption was made for the multiple linear regressions that convert the lens opacity data to estimated straylight, as they were derived from an unrelated, Belgian dataset. This presumes that lenses with the same amount and distribution of lens opacities would have the same effect on straylight, regardless of ethnicity of the subject. Although we could not find any references in the literature to support this assumption, we believe it to be realistic as the same physical and physiological principles should apply to subjects of all ethnicities.
Finally a number of choices were made in the fitting of the lens opacity prevalence curves (Fig. 2) and conversion Eqs. (2) and (3). In order to estimate the robustness of the model a number of alternative choices were considered (see Table 1 ). However, as these choices did not seem to have a major influence on the results the simplest conversion models were used.
It is also important to note that, like most lens opacity data in the literature, the Villa Maria and Indonesian data are crosssectional in nature rather than longitudinal. The model is therefore a description of the current state of both populations and not an actual representation of how lens opacities will appear with age in individual eyes, since gradual, population wide influences may occur as well (e.g. the increased prevalence of myopia in young people).
Apart from estimating normative straylight curves from the prevalence of lens opacities, the stochastic model may have other applications as well. Given the recent observation that increased straylight may be as detrimental to the patient's visual comfort as reduced visual acuity, one could theoretically derive a threshold at which a patient would benefit from cataract surgery for the purpose of reducing straylight, even if he still has a reasonable visual acuity (van der Meulen et al., 2012) . For this purpose a threshold of 1.40 log units was proposed, corresponding with a straylight increase of 200% compared to the normal baseline value of 0.931 log units (van den Berg, Franssen, Kruijt, & Coppens, 2013) . Using the Villa Maria data and the LOCS II cataract definition of (N P 2, C P 4, P P 2), it is possible to simulate eyes that would theoretically benefit from cataract surgery for the purpose of reducing straylight. Note that lower grades of cortical opacities are generally located behind the undilated iris, making that these Fig. 5 . Overview of cataract prevalence reported in the literature for various regions (study name, grading method and criteria used to define cataract are given between brackets) for the United States (Beaver Dam Eye Study (Klein et al., 1992) , Wisconsin scale; N P 4, C P 5%, PSC P 5%), Australia (Blue Mountain Eye Study (Mitchell et al., 1997) , Wisconsin scale; N P 4, CP5%, PSC P 5%; and Melbourne Visual Impairment Project (McCarty et al., 1999) , Wilmer protocol; N P 2, C P 4/16, PSC P 1 mm 2 ), Tanzania (Kongwa Eye Project (Congdon et al., 2001) , LOCS III; N P 1, C P 1, PSC P 1), Barbados (Barbados Eye Study (Leske et al., 2000) , LOCS II; N P 2, C P 2, PSC P 2), urban China (Beijing Eye Study (Xu et al., 2006) , AREDS protocol; N P 3, C P ?, PSC P ?), Singapore (Tanjong Pagar Survey (Seah et al., 2002) , LOCS III; N P 4, C P 2, PSC P 2), rural Indonesia (Sumatra (Husain et al., 2005) , LOCS II; N P 4, CP2, PSC P 2), rural Myanmar (Meiktila Eye Study (Athanasiov et al., 2008) , LOCS III; N P 4, C P 2, PSC P 2), rural North and South India (India Study of Age-related Eye Disease (Vashist et al., 2011) , LOCS III; N P 4, C P 3, PSC P 2), and urban Argentina (Villa Maria (Sanchez et al., 2011) , LOCS II; N P 2, C P 2, PSC P 2).
will not influence straylight. For this reason a more lenient definition for cortical cataracts of C P 4 was chosen, which leads to a clear straylight threshold for cataract surgery at about 1.38 log units, a value somewhat lower than the one proposed in the literature.
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